Temporal summation of "second pain" (TSSP) or "windup" results from the summation of Cfiber-evoked responses of dorsal-horn neurons. This phenomenon is dependent on stimulus frequency (>0.33 Hz) and relevant to central sensitization and chronic pain. Our previous neuroimaging studies characterized brain regions associated with TSSP in normal control (NC) and fibromyalgia (FM) groups. During an fMRI scan, subjects received sensitivity adjusted repetitive heat pulses at 0.33 on the right foot. FM subjects required significantly lower stimulus intensities than NC to achieve similar TSSP and no significant group differences in the painrelated brain activity were detected. In our current study, we asked whether the effective connectivity among a set of TSSP-related brain regions identified in our previous work differs amongst FM and NC groups. Structural equation modeling was used to characterize the effective connectivity amongst a-priori selected brain areas, including the thalamus, S1, S2, posterior insula, and the anterior mid-cingulate cortex (aMCC) within the left and right hemispheres. This analysis confirmed our a-priori models of effective connectivity among these regions mainly confirmed those hypothesized, yet some unpredicted connections were additionally identified (thalamus to aMCC and aMCC to S1). While the models of effective connectivity were not identical in the FM and NC groups, they were very similar. Additionally, the TSSP related effective connectivity of right and left hemisphere regions was very similar. These results provide evidence for significant overlap of the fundamental brain mechanisms that process sensory and affective information related to TSSP in NC and FM groups. 
Introduction
Temporal summation of "second pain" (TSSP) and C-fiber-evoked responses in dorsal-horn neurons ('windup') are dependent on stimulus frequency (i.e., ≥ 0.33Hz) and relevant to central sensitization and chronic pain [31, 48] . Our previous functional magnetic resonance imaging (fMRI) studies characterized brain regions associated with TSSP in normal control (NC) volunteers and patients with fibromyalgia (FM) [43, 44] . In those studies, participants experienced repetitive heat pulses to the right foot at 0.33Hz during fMRI scanning. For each subject, the stimuli were tailored to produce comparable, yet robust, TSSP-ratings of moderate pain across subjects. Interestingly, The results showed that when TSSP was equivalent across subjects, no significant group differences in the pain-related activity was found; thus, allowing us to pool the data for further analyses [43] . The subsequent analyses identified several brain regions with TSSP related activation including: bilateral thalamus, medial thalamus, S1, bilateral S2, mid-and posterior insula, rostral and mid-anterior cingulate cortex [see 43 for details]. Together, our previous results suggest that the brain mechanisms associated with TSSP are predictable from knowledge about spinal cord mechanisms of windup and involve brain regions associated with various information processes (e.g., sensory, cognitive, and affective) known to influence the subjective pain experience [40, 43, 44] .
In terms of functional connectivity, the patterns of neural activity associated with TSSP seem to suggest the involvement of similar mechanisms in NC and FM groups. However, because FM has also been associated with alterations in pain processes [17, 26, 35, 44, 45, 47, 49] , a critical question raised by these studies is whether TSSP-related brain regions are effectively connected in a similar manner across NC and FM populations. To address this question, we used structural equation modeling (SEM) to examine the effective connectivity among a set of TSSP-related brain regions in the aforementioned NC and FM groups (see Figure 1) . The first model we tested was based on neuroanatomy, brain imaging, neurological findings, and neurophysiological research [29, 30, 35] , and is consistent with our previous effective connectivity research, based on visceral pain in patients with irritable bowel syndrome (IBS) [6] . When necessary, additional parameters were freed to establish a well fitting, yet parsimonious, model that met the goodness-of-fit criteria. Because hemispheric specificity of pain related processes are not well delineated, all models were initially estimated with left hemisphere (LH) data, contralateral to the stimulation site, and then with right hemisphere (RH) data.
This study extends our previous work that identified a network of brain regions involved in the sensory, cognitive, and affective dimensions of TSSP that are functionally connected [43, 44] . Our analytical approach was designed to address several interrelated questions about TSSP and windup. Do the brain mechanisms associated with TSSP differentially involve one or multiple dimensions of pain (e.g., sensory, cognitive, affective)? Are the models of effective connectivity associated with TSSP similar in chronic pain and healthy control populations? Finally, based on a common set of brain regions, to what extent do the models of effective connectivity in the right and left hemispheres correspond? For the clarity and model interpretability, our analyses were restricted to a network of five brain regions involved in early processing of the cognitive, affective and sensory dimensions of TSSPrelated pain [14, 26, 29] . Given the immense interconnectedness of the brain, the inclusion of additional regions would require a substantial increase in power and the schematic of the final model may not be interpretable. See network models in Methods for additional details.
Materials and methods
The work presented here extends that of a previously published study. That study was designed to compare brain responses associated with TSSP in healthy, 11 normal control (NC) participants and 13 patients with fibromyalgia (FM). Using volume-of-interest analysis, the results of that study revealed that when stimulus strength was adjusted to induce equivalent levels of TSSP, no differences in activation of pain-related brain regions was identified between the NC and FM groups [see 43 for more details]. Briefly repeated here is the information related to subjects, experimental design, and procedures necessary to give the reader sufficient background to evaluate the analysis in the present report. The University of Florida Institutional Review Board approved the procedures and protocols for this study and informed consent was obtained from each subject.
Model of sensory-cognitive-affective network
The hypothesized model of effective connectivity shown in Figure 1 was based upon a previous one that was derived from neuroanatomical, neurophysiological, and psychological research [29, 30] . The aforementioned model was designed to provide a general description of the pathways by which pain-related information is processed. In the present study it was used to represent a model of effective connectivity among brain regions involved in TSSP.
TSSP fMRI Scanning Design
During a scanning session, subjects were comfortably placed on the scanning table in the head first, supine position with their knees supported by a wedge cushion. Their head positions were then fixed with foam pillows to minimize image artifacts associated with (excessive) head motion. Subjects wore both earplugs and earphones for noise protection; the latter also facilitated communication with the subjects. During the functional scans, subjects experienced thermal stimuli presented in two-or six-pulse trains at 0.33 Hz and two-or six-pulse trains at 0.17 Hz. At the end of each stimulus train scanning was continued for 30 sec to capture delayed pain-related brain activity (i.e., after-sensation associated with chronic pain) and allow the hemodynamic response to return to baseline levels [see 44 for details]. After each run, the subjects were immediately asked to report the number rating of the last stimulus. Before and after each run the subjects also rated clinical pain and anxiety using the NPS. As shown below, in the results section, TSSP was significantly associated with the 0.33 Hz eight-pulse trains. Consequently, these data were used to develop our models of effective connectivity.
Image Acquisition
The MRI data were acquired on a research-dedicated head scanner (Siemens Allegra, 3.0 T) using a standard head RF coil. Prior to functional scanning, high-resolution 3D anatomical images were acquired using a T1-weighted MP-RAGE protocol (128 1. 
Functional MRI Data Reduction and Analyses
The fMRI data were processed using BrainVoyager (BVQX 1.6 -Brain Innovation, Maastricht, the Netherlands; http://www.brainvoyager.com). To reduce T1-saturation effects the first two volumes of each run were discarded at the scanner and two additional volumes were discarded during preprocessing, resulting in 320 volumes per condition. Image preprocessing consisted of re-sampling the functional data to 3mm 3 , rigid-body 3D motion correction using trilinear interpolation, slice-scan time correction with sinc interpolation, spatial smoothing with a 4-mm full-width at half maximum (FWHM) Gaussian kernel, voxel-wise linear detrending, and high-pass temporal filtering to remove nonlinear drifts below 3 Hz. Functional images were co-registered to a high resolution 3D anatomic volume and transformed into standard Talairach space [51] .
In our previous work on neuroimaging of TSSP [43, 44] a Random Effects General Linear Model (RFX-GLM) of the whole-brain was used as a first step to identify areas of the brain where the pain-stimulus onset of four TSSP paradigms was significantly convolved with the hemodynamic response function (HRF) [41] . As a precaution against Type I error, resultant statistical parameter maps (SPMs) were thresholded at p <.05, and all clusters had a spatialextent of 50 contiguous voxels; the combination of which established an image-wise p-value of .00002 and an effective pixel-wise alpha of p < .0002 [15] . After setting the statistical threshold, a hypothesis driven approach was used to identify relevant clusters of voxels within each brain region believed to be critical for the cognitive -affective processing of nociceptive input. Taking a conservative approach, we used a linear contrast in which, the HRF for the 6-pulse .33Hz train was significantly greater that the other three conditions combined [see 43 for details], to identify clusters of voxels in brain regions significantly associated with TSSP in the NC and FM groups. Thus, chosen clusters i) were thresholded at p <.05, ii) maintained a spatial-extent of at least 50-contiguous voxels, and iii) the Talairach coordinates for cluster's center-of-gravity (mass) were in a conceptually relevant brain region.
To develop a more robust understanding of the similarities and differences of TSSP in the NC and FM groups, for the current analyses, we modeled the effective connectivity among the five primary brain regions thought to be critically involved in the early stages multiple pain related processes. Specifically, we used the time-course data from the functional scans of the 6-pulse (.33Hz) trains, to model the effective connectivity among the thalamus (Thal), primary and secondary somatosensory cortices (S1 and S2 respectively), posterior insula (PIns), and the anterior mid-cingulate cortex (aMCC). These five areas are the most commonly activated areas in brain imaging studies of pain [4] For each of the five ROIs, the data from all the voxels comprising the ROIs was aggregated and extracted, resulting in a single data point for each volume of functional data. Per subject, this process was repeated in both hemispheres. Mirror coordinates were used establish the geographical extents of an ROI in the contralateral hemisphere. Once established, data from the right hemisphere ROIs were extracted in the same manner described above. Focusing on a small set of brain regions involved in the early stages of pain allowed us to examine the degree to which a single or multiple processes were primarily involved with TSSP and whether these processes worked similarly in both hemispheres and between FM and NC groups. See Table 1 for center-ofgravity coordinates.
SEM Analysis of fMRI Data
Path analysis is often used to test the plausibility of hypothetical relationships between/ among variables (e.g., brain regions). Statistically, the procedure estimates the coefficients corresponding to the structural equations that reflect the relationships being studied. An advantage of this technique to study neural networks is the ability to describe the relationships among brain regions in terms of i) direct, ii) indirect, and iii) the total effects a brain region exerts on others in the network. A direct effect is the unmediated influence of one region on another. An indirect effect is the influence of a brain region on another that is mediated by at least one intervening region. The consideration of the indirect effect leads to a more robust understanding of the relationship between variables. For example, the typical regression analysis provides an estimate of the direct effect of a variable. To ignore the indirect effects may obscure the true nature of the relationship between variables [1] . The sum of the direct and indirect effects yields the total effect of one region on another within the estimated network. Importantly, the decomposition of model effects (i.e., path loadings) is always done with respect to a specific model. If the system of equations is altered by including or excluding variables and/or changing path specifications, the estimates of total, direct, and indirect effects may change [1] .
Results

Pain rating results (summarized from Staud et al., 2008)
A standardized numerical rating scale (NRS) was used for rating the magnitude of painful sensations produced by heat pulse stimulation as previously described [46, 53] . The scale ranged from 0-100 with verbal descriptors at the following intervals: 10 = warm (no pain); 20 = threshold pain; 30 = very weak pain; 40 = weak pain; 50 = neither strong nor weak pain; 60 = slightly strong pain; 70 = strong pain; 80 = very strong pain; 90 = nearly intolerable pain; 100 = intolerable pain. The scale includes both non-painful (< 20) and painful ranges (20-100) and subjects were allowed to rate in increments of 5 (e.g. 65). This NRS has been particularly advantageous for distinguishing non-painful from painful sensations and estimating pain intensity during series of repetitive stimulation [50, 53] .
The heat pulse intensity for sensitivity adjusted TSSP was a priori selected for each individual subject to achieve maximal TSSP ratings of 45 ± 10 NPS units at 0.33 Hz. This design took into account the observed increase of peripheral/central sensitivity of study subjects due to multiple repetitions of stimulus trains required for fMRI analysis.
No significant group differences were found for pain ratings in response to the 6-pulse heat trains at 0.33 Hz (p > 0.05). The FM subjects showed a tendency for greater TSSP in the 0.33 Hz condition compared to NC (F(1, 21) = 6.5, p = .04). However, this finding was not unexpected, and the difference in pain ratings was relatively small (6 NPS units) and well below that previously demonstrated to be sufficient to show brain activation differences [43, 44] . Moreover, the small differences in TSSP ratings between NC and FM subjects, however, did not result in any group differences of TSSP-related brain activity.
Analysis of Network Models
The fMRI data from fibromyalgia and healthy control subjects was used in to estimate the models of effective connectivity among five brain regions of interest (ROI) involved in processing early stages of the sensory-cognitive-affective components of pain (Figure 1 ). This core network included the following brain regions: thalamus (Thal), primary and secondary somatosensory cortices (S1 and S2 respectively), posterior insula (P-Ins), and the anterior cingulate cortex (aMCC). The entire time-series of BOLD measurements, for each ROI (including periods of rest and stimulation) was used to estimate the models. In all the models estimated, the thalamus was classified as an exogenous variable, and all the other brain regions were classified as endogenous variables.
Model interpretation/Goodness of
Fit-Network model parameters were estimated using the Maximum Likelihood estimator in LISREL 8.7 [18] . Any subsequent change to the model initially hypothesized was done to identify an acceptable alternative model. Each alternative model was evaluated in terms of conceptual integrity, parsimony, and the Goodness-of-Fit indices described below [2] . Overall, the Goodness of Fit describes how well an estimated model reproduced the actual data. The Goodness of Fit indices used in the present study include the Non-Normed Fit Index (NNFI), the Root Mean Square Error of Approximation (RMSEA), and the Standardized Root Mean Square Residual (SRMR).
Traditionally, the Normed Fit Index (NFI) is used to describe a null model (i.e., one in which the variable covariances are equal to zero). Values of .90 -.95 are considered acceptable, and good fitting models are those with index values of .95 and above. A limitation of the NFI is that there is no penalty assessed for adding parameters to an established model. The Non-Normed Fit Index (NNFI) was developed to specifically address this issue. The NNFI adjusts the NFI index by correcting for the χ 2 /df ratio in the model. Any results that return a value greater than one is set to one, and the results are interpreted as with the NFI mentioned above.
The fit index, RMSEA, is based on the not centrality parameter. Good fitting models have an RMSEA values of ≤ .05, and poor fitting models are those with an RMSEA index of .10 or greater. For each model, a RMSEA confidence interval (CI) is also computed. Ideally the range for the 90% CI is 0 -0.1 or less. Finally, the SRMR index represents the standardized difference between the observed covariance and covariance being predicted. Models with a perfect fit have a value of zero and well fitting models have values ≤.08.
Multi-Sample
Analyses-Multi-sample (normal control and fibromyalgia groups) model parameters were estimated for both hemispheres with group (NC and FM) specific data. The multi-sample model fitting process in the present study consisted of six steps for testing the hypothetical model in each of the hemispheres. First, the proposed model was estimated in the NC group. Second, an alternative model was identified through an iterative process, allowing parameters to be fixed or unconstrained, until a significantly better fitting model for the NC data was found. Steps 3 and 4 used FM data to replicate the first two steps. In the fifth step, the same model was tested in both groups simultaneously, with the FM model constrained to be invariant from the NC-alternative model. In the sixth and final step, the alternative models of each group were simultaneously estimated, to determine whether the NC and FM alternative models were significantly different. After steps 2, 4, and 6, a chisquare difference test was to determine whether each subsequent model yielded a statistically significant improvement in model fit, based upon whether the change in DF resulted in a significant decrease in the χ 2 value from the proposed model. The results for each step are found in Table 2 along with the Goodness-of-Fit indices and χ 2 difference tests. The estimated direct, indirect, and total effects for each hemisphere of the normal control and fibromyalgia groups are found in Table 3 and Table 4 respectively.
Left
Hemisphere-The present modeling approach supported the identification of alternative left hemisphere model for the NC group. In the NC-alternative model the direct effects (i.e., amount of influence from one region to another) varied from fairly modest (e.g., 0.13) to relatively strong (e.g., 0.43). See Figure 2 (bottom) . In addition to fitting the data better a Chi-square difference test between the proposed and alternative models revealed that the alternative model resulted in a significant Chi-square change (Δχ 4 2 = 1012.01; p < 0.001). Similarly, the proposed model poorly fit the left hemisphere data of the FM group, and the alternative model provided a better fit to the data. Compared to all other models, the direct effects of the FM-alternative model were all relatively strong or better, ranging from β = 0.27 to β = 0.52 (see Figure 2 -top) . Moreover, compared to the proposed model, the FMalternative resulted in a significant Chi-square change (Δ χ 1 2 = 950.30; p < 0.001). Unlike the findings of the right hemisphere, in Step-5, the estimate of measurement invariance across the two groups could be obtained. Forcing the NC-alternative model onto the FM group yielded a model the fit the data reasonably well (See Table 2 ). However, because
Step-4 produced a well fitting, alternative, model in the FM group, and was more parsimonious than the NC-alternative model, we proceeded with Step-6. As before, Step-6, which modeled both alternative models simultaneously, yielded a well fitting model overall, that significantly explained both the within and between group variance. Moreover, Step-6 yielded a dramatic drop in the Chi-square value, resulting in a highly significant Chi-square difference test between Step-5 and Step-6 (Δ χ 11 2 = 156.87; p < 0.001). As before, these results indicate that the alternative models of the left hemisphere for the NC and FM groups explained the inter-regional interactions within each group and accounted for the differences between groups.
While the overall structure of the alternative models for the left hemisphere of the NC and FM groups are similar there are some notable differences. Most notably are the undefined relationships of S1 S2, and S1 P-Ins in the FM group. Unlike the right hemisphere models, where the reversal of a single path in the FM group resulted in changes throughout the network; within the left hemisphere, the absence of two paths in the FM-alternative model, apparently had little effect on the rest of the network as evidenced by the high degree of correspondence of path coefficients in the NC and FM alternative models. The largest difference between the alternative models was a 20% increase in the influence of the thalamus → S2 relationship (NC β = 0.43, FM β = 0.52, Δβ = 0.09).
Right
Hemisphere-The present modeling approach supported the identification of alternative right hemisphere model for the NC group. The proposed model yielded a poor fit to the data and a Chi-square difference test revealed that the alternative model resulted in a significant Chi-square change (Δ χ 3 2 = 1652.43; p < 0.001; see Figure 3 ). Similarly, the proposed model yielded a poor fit to the right hemisphere data of the FM group, and an alternative model provided a significant improvement (Δ χ 4 2 = 788.8; p < 0.001; see Figure  4 ). Measurement invariance across the two groups was not obtained. Forcing the NCalternative model onto the FM group did not yield a well fitting model overall.
Step-6, which modeled both alternative models simultaneously, yielded a well fitting model that significantly explained the within and between group variance. The Chi-square difference test of Step-5 and Step-6 was significant (Δ χ 14 2 = 214.95; p < 0.001) indicating that the NC and FM alternative models, of the right hemisphere, explained the inter-regional interactions within each group and accounted for the differences between groups.
While the alternative models for the right hemisphere of the NC and FM groups are similar there are some notable differences. Most notably is the reversal and increased influence of the path between S1 and S2. In the NC group, S1 influences S2 (S1→S2, β = 0.12), while in the FM group, S2 influences S1 (S1←S2, β = 0.19, Δβ = 58% increase). Additionally, there is a 100% increase of influence of S1 to the posterior insula in the FM group (from β = 0.03 to 0.06). The combination of these changes are likely responsible for the 88% increase in influence of the posterior insula to the anterior cingulate ROI in the FM group (NC β = 0.17, FM β = 0.32, Δβ = 0.15). The change in the S1-S2 relationship may also explain the 36% decrease in the S2→aMCC relationship (NC β = 0.42, FM β = 0.27, Δ β = 0.15) and the 42% decrease in the aMCC→S1 relationship (NC β = 0.36, FM β = 0.21, Δ β = 0.15) in the FM group.
Discussion
Our previous work demonstrated a network of brain areas that showed progressively increased activation during a series of heat pulses that evoked temporal summation of second pain (TSSP) [43, 44] . Both temporal summation of brain activity and TSSP show strong similarities to windup in the spinal cord dorsal horn [21, [31] [32] [33] . The results of the present study extend our previous network analyses on the core brain regions involved in the sensory, cognitive, and affective dimensions of acute and chronic pain [31, 48] [31, 48] . For the most part, our models correspond to those proposed for pain in general and are consistent with the models related to visceral pain in IBS patients [6] . Moreover, there was a high degree of consistency among models between the NC and FM groups, with only minor differences noted. Finally, there was also a high degree of correspondence in the left and right hemisphere models of effective connectivity.
Similarities and differences between proposed and final models
We have modeled the inter-regional effective connectivity among five brain regions involved in fundamental aspects of sensory, cognitive, and affective dimensions of pain. The proposed model of effective connectivity was based on a synthesis of neuroanatomical, neurological, and neurophysiological evidence [29, 30] . Accordingly, the thalamic region in our proposed model has both a direct functional influence on the posterior insula and exerts an indirect influence on the latter via the somatosensory cortices S1 and S2. The predicted functional connection from the posterior/mid-insula to anterior mid-cingulate cortex (aMCC area 24b) is also supported in all of our estimated models. The interactions of these three brain regions (thalamic, P-Ins, and aMCC) have been proposed to form a core triad, fundamental for the integration of sensory and the rudimentary affective (immediate unpleasantness) dimensions of pain [29, 38] . More recent work supports the dynamic relationship among these regions, during the integration of attention, negative contextual information, and the sensory features of pain [6, 28] . For example, the amount of influence the anterior insula exerts on the aMCC has been shown to be a function of perception of both overall threat within a given context and nociceptive stimulation [28] .
The alternative models identified additional paths of effective connectivity found from the posterior thalamus to aMCC and from the latter to S1. These connections were identified in both NC and FM groups and for both cerebral hemispheres. Within each hemisphere, these connections may reflect an attention-modulation function that could be facilitated by the Thal → aMCC → S1 informational processes. Alternatively, the pathway from aMCC to S1 may reflect one component of a mechanism that integrates pain unpleasantness, via recursive or feedback processes (e.g., S1→ Insula → aMCC), with the sensory features of pain, which is consistent with recent thoughts about the relationship between these two dimensions of pain [23, 24, 37, 40] . Overall, we interpret the alternative models as being significantly involved in the integration of multiple processes, serial and parallel, that support causal effects and integration of the sensory dimensions of pain on early stages of pain-related affect. To our knowledge, this study is the first to provide evidence that such inter-regional involvement applies to TSSP. Moreover, these results suggest that the cortical processing of TSSP operates similarly in chronic and non-pain groups by principles applicable to pain processing in general.
TSSP processing in the left hemisphere
Examination of the final alternative-models for the left (contralateral) hemisphere of the NC and FM groups revealed a high degree of similarity (e.g., many of the same paths among the network nodes existed in both groups). Despite this correspondence, some subtle and obvious differences emerged. While many of the same paths were present in the FM model, subtle increases in the magnitude of influence were evident among many of the paths, ranging from 3-8%. Compared to the NC group, there was a large increase in the Thal→S2 path (21%) in the FM group. The most striking difference between NC and FM group models was the lack of significant paths of influence from S1 to S2 and from S1 to PIns within the left hemisphere of the FM group.
Given that within the dominant hemisphere (typically left) BA 40 is functionally involved with language and communication related processes, the lack of a significant path from S2 to the region S1, and from S1 to the posterior insula among FM patients may be related to an ongoing internal dialogue associated with their experience of chronic pain. Research has indicated that brain region S2 can be subdivided into two distinct areas (anterior and posterior) [3, 5, [10] [11] [12] [13] 52] . Neuroimaging research has shown that, of the two, the posterior area is responsive to pain, and within the contralateral hemisphere, those responses manifest as atypical patterns of activity in clinical populations [11] [12] [13] . Hence, overall, the group differences we identified in the left hemisphere models appear to support the atypical findings regarding pain and the activation patterns of contralateral S2 observed previously [3, [10] [11] [12] [13] .
TSSP processing in the right hemisphere
Inspection of the final alternative-models of the right hemisphere, ipsalateral to the site of stimulation, also revealed a high degree of similarity, although, again, some differences were evident. For example, the two paths absent in the FM model of the left hemisphere were present in the right hemisphere model. Additionally, compared to the NC model, the magnitude of influence among several was substantially increased in the FM model. For example, there was a 58% increase in the S1↔S2 relationship (although in opposite directions). Moreover, there was an 88% increase in the PIns→aMCC path (NC β = 0.17 and FM β = 0.32), and a 100% increase in the S1 →P-Ins path. Quite possibly, the increased magnitude of influence among these paths is the manifestation of central sensitization in processing pain related information in a chronic pain population
The return of the missing S2→S1 and S1 →P-Ins paths in the FM model was not entirely surprising given the role of S2 in the non-dominant hemisphere. Within the right, typically non-dominant, hemisphere, S2 (i.e., BA40) has been associated with various perceptual processes (visual, spatial, and temporal), the integration of these processes would allow us to contextualize multiple sources of information and integrate ourselves with the environment.
Overall, BA40 is involved with incorporation of bilateral temporal and sensory information processes that contribute to self-awareness in space and time. As such, the models identified in this study suggest that S2 may play a pivotal role in the establishment of central sensitization. Moreover, alterations in the functional capacity of S2 could be responsible for the maintenance of central sensitization through the propagation of additional abnormal processes throughout a neural network that includes key brain regions associated with the sensory, cognitive, and affective dimensions of pain.
Are group differences in left hemisphere connectivity related to neuroanatomical changes?
Although there is similarity in central processing of TSSP across NC and FM populations, some aspects of chronic pain may be processed differently in FM as compared to NC subjects and neuroplastic changes in pain-related brain regions are likely to exist in FM [16, 23] . Our previous results provide limited support for neuroanatomical changes in FM [39] . In comparison to NC subjects, we found decreased grey matter volumes among several brain structures, identified via fMRI data, that evidenced increased TSSP related activity in FM patients [39] . The effective connectivity of those data were analyzed in the present study. Thus, despite neuroanatomical differences, our present results, in combination with those of our previous fMRI study [43] , provide evidence that the fundamental network of brain regions associated with TSSP do not differ across NC and FM groups.
Several features of heat induced TSSP are relevant to mechanisms of pain intensity in FM. First, in comparison to NC subjects, FM patients require lower stimulus temperatures and therefore less afferent input to generate equivalent levels of TSSP [43] . Second, FM patients display considerably longer TSSP-related aftersensations [42, 46, 48, 50] . Finally, the latter are strongly correlated with clinical pain intensity ratings of FM patients [49] . These aspects of TSSP are mechanistically related to central sensitization and many forms of chronic pain [20, [34] [35] [36] 42, 53] . Because TSSP and aftersensations strongly depend on spinal cord mechanisms, it is possible that major differences in pain processing between FM and NC groups largely occur at the levels of primary afferent neurons and spinal cord dorsal horn [33, 46] and would then be reflected in responses within brain regions targeted by ascending pathways from the spinal cord to the brain.
Similar models of effective connectivity were found in both cerebral hemispheres
Bilateral cerebral activations are common in several forms of pain within humans and other animals [for a review see, 7, 40] . The correspondence between the structural and functional data suggest that models of effectively should be similar as well, with group differences likely representing altered information processes among FM patients. Thus, finding that our models of effective connectivity were similar across both hemispheres was not surprising. For example, because of major anatomical links across the hemispheres (e.g. corpus collosum) the left hemisphere can accurately represent pain information related to body sites on the left side. Otherwise, most people couldn't talk about or rate left-sided pain using spoken words. The hemispheres have to share the same information structure. However, the direction of influence from S1 to S2 reversed direction in RH. Given that S2 is involved in memory, learning, and object recognition [7] [8] [9] 19, 22, 25, 27, 29, 44] , this change in influence may signal its role in recognizing and contextualizing the nature of the painful stimuli.
Limitations
The ability to interpret the direct, indirect, and reciprocal interactions in a model having a large number of brain regions is a known limitation of effective connectivity analyses given the immense inter-connectedness of the brain. Moreover, the addition of each new brain region into a model necessitates a substantial increase in statistical power vis-à-vis significantly larger sample sizes. Because differences may exist in other brain regions associated with higher order pain related processes, future research could explore different models involved in disparate and overlapping models of pain related networks.
Conclusions
The present study extends results of brain imaging studies of TSSP in showing that the interactions in brain regions associated with TSSP are similar to those which occur during other forms of pain and are applicable to sensory, cognitive, and affective dimensions. The interactions within this network are similar between NC subjects and FM patients with some differences. Finally, the same network of interactions applies to both cerebral hemispheres, with very similar strengths of interaction.
Perspective
Models of effective connectivity involving pain related processes were estimated with AE'MRI data from chronic pain and healthy populations. Models were estimated in both hemispheres, and although similar, fibromyalgia was associated with unique models of pain related processes. Group differences involved the left hemisphere and S1, S2, and posterior insula. Effective connectivity model of TSSP-related brain regions. The hypothetical model was based on neuroanatomy, brain imaging, neurological findings, and neurophysiological research. Table 2 Steps of mode estimation and associated goodness-of-tit Indices Table 3 Regression Matrix of Estimated Effects for the Normal Control Alternative Models Tables 3-4 : ★ = Thalamus, md=mid-dorsal, and the numbers are standardized unidirectional loadings. Direction of influence is column → row. Figures 2 -5 show the inter-regional direct effects. The mediated influence of one structure on another is an indirect effect (e.g., in the RH, there is a relationship between the md-S1→-aMCC, mediated by P-Ins, and is: .05*.25 = .01). Total effects are the sum of direct and indirect effects, which may include reciprocal paths. Table 4 Regression Matrix of Estimated Effects for the Fibromyalgia Alternative Models
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